In recent years, knowledge of the free amino and imino acid components of plants has expanded rapidly (for reviews, see Virtanen, 1956 Virtanen, , 1957 Steward & Pollard, 1957; Fowden, 1958) . More than thirty new acids, additional to the twenty or so present in proteins, are known as products of higher-plant metabolism. Imino acids are among these newer compounds, and several contain a piperidine ring. Pipecolic acid (piperidine-2-carboxylic acid) is the most commonly found member of this group, being particularly characteristic of the legumes (Zacharius, Thompson & Steward, 1954) , although it occurs in members of many other families (Morrison, 1953) . Baikiain (A4:5-dehydropipecolic acid), which occurs far less frequently in plants than pipecolic acid, was first isolated from Baikiaea plurijuga (Rhodesian teak), in which it occurs in relatively large amounts in both the seeds (Grobbelaar, Pollard & Steward, 1955) and the wood (King, King & Warwick, 1950) . Hyde (1955) considers it to be a constituent of the developing pea seed. 5-Hydroxypipecolic acid was isolated from a palm (Rhapi8 flabelliformi8) by Virtanen & Kari (1954) , and from Baikiaea by G4robbelaar et al. (1955) . It is also present in the fruit of the date palm, and accompanies pipecolic acid in several legume seeds, including the pea (Hyde, 1955) . Another hydroxypipecolic acid, considered to be 4-hydroxypipecolic acid, was isolated from Acacia pentadena by Virtanen & Kari (1955) . In Acacia the two hydroxypipecolic acids co-existed, but in Albizzia lophantha only the presumed 4-hydroxy compound was present. The present investigation reports the isolation of a hydroxypipecolic acid from thrift (Armeria maritima), a member of the family Plumbaginaceae. This substance is identical with that isolated from Acacia. However, evidence will be presented to suggest that these compounds may be 3-hydroxypipecolic acid, and not the 4-hydroxy derivative as suggested by Virtanen & Kari (1955) .
EXPERIMENTAL
All melting points are corrected.
Paper chromatography. The method and solvent mixtures were as described by Fowden & Bryant (1958) .
Synthesis of hydroxypipecolic acid8
4-Hydroxypipecolic acid. This was obtained in small yield by catalytic hydrogenation of 4-hydroxypicolinic acid (4-hydroxypyridine-2-carboxylic acid), m.p. 2630 (decomp.), which was prepared by the method of Meyer & Graf (1928) , who gave m.p. 254-255°(decomp.). 4-Hydroxypicolinic acid (1-1 g.) was dissolved in 20 ml. of water and converted into its hydrochloride by the addition of the calculated amount of HCI. PtO (0-2 g.) was added and a slow stream of H. was passed through the mixture in a water bath at 90°for 12 hr. After 6 hr. the catalyst was replaced by a further 0-2 g. of PtO. After final removal of the Pt, the mixture was evaporated to about 5 ml., when much unchanged 4-hydroxypicolinic acid hydrochloridte crystallized out and was removed. The filtrate was evaporated to about 2 ml. and then 1 ml. was applied to each of two washed sheets of filter paper. The chromatograms were developed in butanol-acetic acid-water for 48 hr.; good separation of 4-hydroxypipecolic acid from pipecolic acid was achieved. 4-Hydroxypipecolic acid was eluted from the appropriate areas of the chromatograms and obtained as a crystalline residue on evaporation. Yield about 40 mg.
It did not melt on heating (Found: N. 9.4. C6H1103N requires 9.7 %).
3-Hydroxypipecolic acid. This was obtained after catalytic hydrogenation of 3-hydroxypicolinic acid, which was prepared by the method of Sucharda (1925) . From 10 g. of 8-hydroxyquinoline 3.4 g. of the imide of quinolinic acid was produced. In the conversion of quinolinic acid imide into 3-aminopicolinic acid, Br2 and NaOH were used instead of the Cl2 and NaOH recommended by Sucharda (1925) . The imide (3 g.) gave 1 1 g. of 3-aminopicolinic acid, m.p. 2420 (decomp.), and about 0 3 g. of 2-aminonicotinic acid. Diazotizationof 1 g. of3-aminopicolinicacidwas carried out in dil. H2SO4 solution with 2g. of Ba(NO2)2 according to the procedure of Kirpal (1908) for the preparation of 3-hydroxypicolinic acid. Yield of 3-hydroxypicolinic acid, 0-6 g., m.p. 2230 (Kirpal reported 2150). Catalytic hydrogenation proceeded more readily than with the 4-hydroxy derivative. 3-Hydroxypicolinic acid (0 4 g.) was dissolved in 25 ml. of aq. N-NH3 and 0-1 g. of PtO was added. Hydrogenation at 5 atm. H2 pressure and room temp. was continued for 10 hr. The two main ninhydrin-reactive products were pipecolic acid and 3-hydroxypipecolic acid, present in about equal amounts. The Pt was removed and the filtrate evaporated to dryness. 3-Hydroxypipecolic acid was recovered free from other ninhydrin-reactive substances after chromatography on papers developed in butanol-acetic acid-water. Yield 115 mg. It was recrystallized from 80 % (v/v) ethanol and did not melt on heating (Found: N, 9.5. C6H1103N requires 9.7 %). 0-5N-NH3 (5 1.) in 20 ml. fractions. The earliest fractions containing aspartic acid, and certain later fractions containing y-aminobutyric acid and the basic amino acids, were discarded. The middle fractions containing A and many other amino acids were pooled and evaporated to 1 1. in a continuous rotary vacuum evaporator (Flash evaporator, Lab. Glass and Instruments Corp., New York, 31) at less than 500. This concentrate was applied to a Dowex 50-X 4 column (resin 100-200 mesh; length 45 cm., diameter 2 cm.) at the rate of 100 ml./hr. The column was washed with 2-5 1. of water, and elution of amino acids effected with aq. 0-2N-NH.. Elution proceeded at 50 ml./hr. and 105 x 10 ml. fractions were collected once the amino acids started to emerge from the column.
Substance A was present in fractions 8-29, which were combined. Other amino acids present in these pooled fractions were aspartic acid, glutamie acid, serine, threonine, homoserine and proline. The residue (3 5 g.) obtained on evaporation to dryness in vacuo was dissolved in water, to give 6 ml. of solution, and 1 ml. was streaked across the top edge of each of six sheets of filter paper (washed Whatman no. 3MM, 24 in. x 24 in.). The chromatograms were developed in the phenol-aq. NH, and the areas of paper between RF 0-7 and RF 0 9 were cut out and eluted.
In this way a mixture (0.58 g.) of proline and A, free of the other amino acids, was obtained. This was dissolved in water to give 2 ml. of solution and 1 ml. was applied to each of two sheets of washed paper. The chromatograms were developed in the butanol-acetic acid-water for 3 days. Complete separation of A from proline was achieved, and A was eluted from the appropriate areas of the chromatograms. Crude A (217 mg.) was obtained on evaporation. After two recrystallizations from 90 % (v/v) ethanol, 115 mg. of pure A was obtained. The substance did not melt but gradually darkened in colour on heating above Hydroxypipecolic acid from thrift
The hydroxypipecolic acid was first encountered as an unidentified spot present on two-dimensional chromatograms prepared from an aqueous-ethanol extract of thrift leaves during a survey of the nitrogenous components of maritime plants. The substance reacted with ninhydrin, to give a yellow spot which gradually changed to blue when kept. Its position on a two-dimensional chromatogram, relative to those occupied by the other amino acids present in the extract, is shown in Fig. 1 (spot A) . Another substance designated B is not a common plant constituent and remains uncharacterized.
Isolation of substance A. Fresh Armeria leaves (10 lb.) were chopped and then frozen at -20°for 2 days. After thawing, they were macerated with twice their weight of water in an Atomix blendor (M.S.E. Ltd., London). The mush was expressed through fine muslin, and the extract immediately adjusted to pH 4-4 and warmed to 60°for 10-15 min. to coagulate the proteins and inactivate the enzymes. The precipitate was removed in a continuousaction Delaval rotary separator and 8-5 1. of clear extract were obtained. This extract was applied to a Zeo-Karb 215 column (resin 60-80 mesh), length 75 cm., diameter 6-5 cm.
The extract was applied at the rate of 11./hr., all the amino acids being absorbed. The column was washed with 20 1. of water and the amino acids were eluted with aq. (Found: C, 49 4; H, N, 95 %; mol.wt. 140. C6H1103N requires C, 49-6; H, 7-6 ; N, 9.7 %; mol.wt. 145).
The molecular weight was determined by the method of Barger (1904) Comparison with synthetic hydroxypipecolic acids Chromatography. The isolate A and each synthetic hydroxypipecolic acid were run separately and as a mixture on paper chromatograms. The isolate was separable from 4-hydroxypipecolic acid in butanol-acetic acidwater, 70% propanol and ethyl acetate-pyridine-water. No separation was effected in phenol-ammonia in which the substances had high Rp values (about 0-84). Whereas A gave with ninhydrin a bright-yellow colour initially which changed only slowly to blue, 4-hydroxypipecolic acid gave first an orange-brown colour, which rapidly changed to purple. When A was run against 3-hydroxypipecolic acid, no separation of the substances was apparent in any of the four solvents. In 70% propanol and in ethyl acetatepyridine-water, 3-hydroxypipecolic acid gave a dumb-bellshaped spot, which may have been due to the partial separation of diastereoisomers (the diastereoisomers of 5-hydroxypipecolic acid have been separated on paper chromatograms by Cohen, Irreverre, Piez, Witkop & Wolff, 1956) . The position of the natural compound always matched precisely that of the faster portion of the dumbbell spot, and their reactivity with ninhydrin was similar. Substance A was chromatographically distinct from 5-hydroxypipecolic acid (kindly provided by Professor A. I.
Virtanen).
The isolate of thrift was compared with that obtained from Acacia by Virtanen & Kari (1955) in the same four solvents. The two substances behaved identically in both their positions on the chromatograms and their colour reactions with ninhydrin.
Oxidation with acid permanganate. A few milligrams of the imino acid were dissolved in 0-1 ml. of 10% (w/v) H2SO4 solution, and warmed to 600 in a water bath. A 1% (w/v) KMnO4 solution in 10 % (w/v) H2SO4 was then added dropwise until a permanent pink colour remained. The mixture was diluted to about 3 ml. and excess of solid BaCO3 added. When evolution of CO2 ceased, the solids were removed by centrifuging and the clear supernatant was evaporated to dryness. The residue was redissolved in a small volume of water and small portions were used for two-dimensional chromatograms. ,B-Alanine, glycine, yaminobutyric acid and aspartic acid were produced from the isolate A in approximate proportions by wt. 55:25:15:5 respectively. Similar proportions were obtained from the Acacia isolate. Synthetic 3-hydroxypipecolic acid gave the same four amino acids in the proportions 30:10:55:5, while 4-hydroxypipecolic acid gave only ,-alanine, glycine and aspartic acid (30:40:30) . The identity of all amino acids was checked by co-chromatography with authentic specimens. Repetition of the oxidation at higher temperatures up to 1000 and in 20 % (w/v) H2S04 solution did not alter the nature of the oxidation products nor bring about any significant change in their relative concentration.
a-Aminomalonic acid, a possible primary oxidation product of 3-hydroxypipecolic acid, was prepared by the method of Piloty & Finckh (1904) . The acidic conditions used in the oxidation caused complete decarboxylation of this acid to glycine and no trace of it was found in the oxidation mixture.
DISCUSSION
It seems certain that the hydroxypipecolic acid isolated from Acacia by Virtanen & Kari (1955) is identical with that now isolated from thrift (Armeria maritima). The presence of the pipecolic acid ring system is also not in doubt. Virtanen allotted the hydroxyl group to C-4 after a study of the products of acidic permanganate oxidation of the imino acid. He identified aspartic acid and a smaller amount of glycine among these products, together with two other substances not identified, and argued that aspartic acid could arise only if the hydroxyl group was present on C-4. Oxidative splitting of the 4:5-linkage would occur first, followed by a 1:6-split, to give aspartic acid, or a 1:2-split, to give glycine, thus:
Re-examination of the products resulting from acidic permanganate oxidation of Acacia and Armeria isolates, performed simultaneously under conditions similar to those used by Virtanen & Kari (1955) (personal communication from Professor A. I. Virtanen), indicated that ,-alanine and y-aminobutyric acid were formed in addition to aspartic acid and glycine. Of the four amino acids present P-alanine was the largest, and aspartic acid the smallest, component.
These results suggested that 3-hydroxypipecolic acid should be considered as an alternative structure. The synthetic routes leading to 3-and 4-hydroxypipecolic acid were such that the structures of the final products were not in doubt. The overall yields were, however, insufficient to warrant attempts at resolving the mixtures of diastereoisomers that would necessarily be formed. All comparisons were performed with an isolate that was probably a single stereoisomer and synthetic substances that probably consisted of mixtures of two pairs of diastereoisomers. Strict identity of behaviour of the natural substance with any one synthetic compound could not then be expected. The conclusions reached concerning the structure of the isolated material must therefore be regarded as tentative.
The chromatographic comparison of the two synthetic compounds and the isolate suggested that the isolate was 3-hydroxypipecolic acid. It was different from 4-hydroxypipecolic acid in three of the four solvent systems used. Unless one makes the unlikely assumption that the synthesis leads entirely to the formation of only one of the two possible pairs of diastereoisomers, i.e. to the alternative type to that found in the natural compound, the chromatographic evidence indicates that the compound is not 4-hydroxypipecolic acid.
In contrast, the isolate was never completely separated from synthetic 3-hydroxypipecolic acid in any of the four solvents. Partial separation of diastereoisomers present in the synthetic preparation seemed to occur in two of the solvents, but the natural substance always matched, in position and colour reaction with ninhydrin, the fasterflowing component of the 3-hydroxypipecolic acid.
The exact mechanism of oxidation and the linkages undergoing fission are unknown, but it is clear from the products obtained that fission must be possible at several points in the ring. Oxidation of isolate A gave the same four products as did 3-hydroxypipecolic acid (P-alanine, glycine, yaminobutyric acid and aspartic acid) although the relative proportions were somewhat different. It seems reasonable, however, to attribute this quantitative difference to the different stereoisomeric character of the two compounds. Oxidation of 4-hydroxypipecolic acid yielded glycine, aspartic acid and f-alanine, but not y-aminobutyric acid.
The amount of aspartic acid obtained from the isolate and 3-hydroxypipecolic acid was so small as to raise the question of the possibility of its formation by conversion of the 3-into the 4-hydroxypipecolic acid by successive dehydration and rehydration across the 3:4-linkage (the intermediate involved would be A3 4-dehydropipecolic acid), but it does not seem probable that this interconversion would occur at a sulphuric acid concentration of only 10 % (w/v), since when synthetic 3-hydroxypipecolic acid was treated with 10 % (w/v) sulphuric acid at 1000 for several hours no 4-hydroxypipecolic acid was produced. If interconversion did occur, some production of y-aminobutyric acid on permanganate oxidation of the 4-hydroxy compound might be expected.
The isolate and the synthetic substances could be compared by other reactions, but none is likely to furnish conclusive evidence of identity, for all will be affected in greater or less degree by the different stereoisomeric characters of the reactants. Only by complete resolution of the four isomers present in the synthetic products could an unequivocal comparison be made. This would require much larger quantities of the synthetic compounds than have been prepared.
Why Virtanen & Kari (1955) identified only aspartic acid and glycine after oxidation of their Acacia isolate remains unknown. Whenever the oxidation was repeated together with a sample of Armeria isolate, both substances gave identical mixtures of products, of which f-alanine was the most important quantitatively. Virtanen & Kari's (1955) finding of aspartic acid as the principal oxidation product was the cornerstone of their evidence in favour of 4-hydroxypipecolic acid.
The distribution of this new imino acid in plants seems sporadic. Virtanen & Kari (1955) found it in Acacia, Albizzia and Strelitzia. Now it has been isolated from a member of the Plumbaginaceae. The imino acid is not, however, a characteristic constituent of members of this family, since it could not be detected in leaf extracts of four other species representative of the genera Cerato8tigma, Limonium, Plumbago and Acantholimon, which, together with Armeria, constitute half the total number of genera assigned to this family.
The concentration at which the hydroxypipecolic acid occurs in Armeria seems to be dependent on the conditions of growth of the plant. The plants used for extraction were grown at an inland location (Egham, Surrey) on a loam soil, and the imino acid represented one of the minor amino acid constituents of the leaves. In leaf extracts of plants collected from maritime locations, the imino acid generally contributed a higher proportion of the total soluble nitrogen fraction of the leaves; in some plants growing on the upper levels of a salt marsh, it formed the predominant spot on a twodimensional chromatogram prepared from a leaf extract. Plants collected from the same location in different years have also shown a wide variation in their content of the imino acid. SUMMARY 1. A hydroxypipecolic acid has been isolated from thrift (Armeria maritima) and shown to be identical with a substance isolated from Acacia by Virtanen & Kari (1955) , who provisionally characterized it as 4-hydroxypipecolic acid.
2. Comparisons with synthetic 3-hydroxy-and 4-hydroxy-pipecolic acids indicated that the isolated imino acid may not be 4-hydroxypipecolic acid, but 3-hydroxypipecolic acid. Strictly identical behaviour of natural and synthetic 3-hydroxypipecolic acid could not be demonstrated since the two substances differed in stereoisomeric composition.
3. 3-Hydroxy-and 4-hydroxy-pipecolic acids have been synthesized.
